Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-6-2011

Effects of In-Situ Biosparging on Pentachlorophenol (Pcp)
Degradation and Bacterial Communities in Pcp
Carrlet Elizabeth Stokes

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Stokes, Carrlet Elizabeth, "Effects of In-Situ Biosparging on Pentachlorophenol (Pcp) Degradation and
Bacterial Communities in Pcp" (2011). Theses and Dissertations. 1757.
https://scholarsjunction.msstate.edu/td/1757

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template Created By: James Nail 2010

EFFECTS OF IN-SITU BIOSPARGING ON PENTACHLOROPHENOL (PCP)
DEGRADATION AND BACTERIAL COMMUNITIES IN PCP

By
Carrlet Elizabeth Stokes

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Forest Resources
in the Department of Forest Products
Mississippi State, Mississippi
August 2011

Template Created By: James Nail 2010

Copyright 2011
By
Carrlet Elizabeth Stokes

Template Created By: James Nail 2010
EFFECTS OF IN-SITU BIOSPARGING ON PENTACHLOROPHENOL (PCP)
DEGRADATION AND BACTERIAL COMMUNITIES IN PCP
By
Carrlet Elizabeth Stokes
Approved:
_________________________________
M. Lynn Prewitt
Assistant Research Professor
Forest Products Dept.
Co-major advisor

_________________________________
Hamid Borazjani
Professor
Forest Products Dept.
Co-major advisor

_________________________________
Darrel D. Nicholas
Professor
Forest Products Dept.
Committee Member

_________________________________
Susan V. Diehl
Professor
Forest Products Dept.
Committee Member

_________________________________
Shane Kitchens
Assistant Professor
Forest Products Dept.
Committee Member

________________________________
Rubin Shmulsky
Department Head, Forest Products Dept.
Graduate Coordinator

_________________________________
George Hopper
Dean, College of Forest Resources

Template Created By: James Nail 2010

Name: Carrlet Elizabeth Stokes
Date of Degree: August 6, 2011
Institution: Mississippi State University
Major Field: Forest Resources
Major Professors: Dr. M. Lynn Prewitt and Dr. Hamid Borazjani
Title of Study:

EFFECTS OF IN-SITU BIOSPARGING ON
PENTACHLOROPHENOL (PCP) DEGRADATION AND
BACTERIAL COMMUNITIES IN PCP

Pages in Study: 82
Candidate for Degree of Doctor of Philosophy
This study examined the effect of in-situ biosparging on pentachlorophenol (PCP)
degradation and bacterial communities in PCP contaminated groundwater. Bacteria were
identified by sequencing the 16s rDNA fragment from DNA extracted from groundwater
cultures and comparing those sequences to a database using a basic local alignment
search tool, BLAST. The PCP-degraders Burkholderia cepacia and Flavobacterium
(Sphingobium) chlorophenolicum were identified in multiple wells, as were the 4chlorophenol degrader Herbaspirillum sp., and the common soil bacteria Pseudomonas
sp., Aquaspirillum sp., and Rhodocista sp., among others. Numerous bacterial samples
also appeared in the results as “uncultured”. Bacterial community changes were observed
using terminal restriction fragment length polymorphism (TRFLP) analysis to identify
operational taxonomic units of bacteria at various locations inside and outside the
biosparging zone of treatment over time. Diversity measures including species richness,
Simpson’s and Shannon’s indices, and species evenness were calculated from operational
taxonomic unit results for each well at each sampling point in order to better understand
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changes in the bacterial community. Species richness tended to be higher at wells further
away from the biosparging line, while diversity and evenness varied throughout the area.
Correlations between PCP concentration, operational taxonomic units, and distance from
biosparging wells were determined by Pearson’s product-moment correlation and
Spearman’s rank correlation. Positive correlations were found between distance from
biosparging wells and PCP concentration, species richness and distance, and to a smaller
degree, diversity and distance. Biosparging remediation has a significant impact on the
types of PCP-degrading bacteria within the groundwater matrix, and installations of this
type of treatment should be applied to maximize the use of the native bacteria to assist in
degradation of the contaminant.
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CHAPTER I
INTRODUCTION
Pentachlorophenol (PCP, Penta) is a chemical wood preservative that provides
high resistance to degradation. It is effective against nearly all wood decay organisms,
including termites, beetles, fungi, and bacteria. PCP was the most widely used wood
preservative in the world for several decades, and this led to contamination problems in
numerous environments. In the United States, its use was restricted in 1997 when it was
classified by the Environmental Protection Agency (EPA) as a probable human
carcinogen. However, PCP remains in use as a preservative treatment for utility poles in
the United States. Prior to regulation, there were a number of issues in the United States
with disposal of excess chemical, disposal of wood wastes, leakage of stored chemical,
and cleanup of spilled PCP. Because of PCP’s strong resistance to degradation, it
becomes a very recalcitrant contaminant when introduced to soil or water systems. While
a number of microorganisms, including many soil bacteria, have the ability to degrade
PCP, the relatively recent introduction of PCP in 1936 means that microorganisms have
likely developed PCP degradation mechanisms only in the last 70 years (Crawford et al.
2007). A variety of remediation techniques have been applied to aid in the removal of
PCP, and biosparging is one that has been particularly successful for groundwater.
Biosparging is the application of air under pressure at a low flow rate into saturated zones
to minimize volatilization of dissolved phase contaminants and increase oxygen levels in
groundwater. Biosparging increases aerobic biodegradation of contaminants, and is
1

especially successful on volatile organic compounds such as chlorinated solvents and
petroleum hydrocarbons (Bass et al. 2000). PCP is most often suspended in heavy
petroleum oil for treatment of poles and timbers, and the presence of this carrier presents
its own contamination hazard at industrial sites. Biosparging is an ideal solution for
removal of the PCP from groundwater, because it eliminates the need to excavate the
contaminated soil, does not produce large quantities of contaminated volatile vapors that
require additional treatment, and does not require removing a large volume of
groundwater for treatment off-site.
It is understood that communities of microorganisms often have the ability to
degrade PCP given ideal conditions such as ample nutrients and oxygen (McAllister et al.
1996, Schmidt et al. 1999, Tiirola et al. 2002). What is not known however is which
members of the indigenous microbial community in a site undergoing treatment are
involved in the degradation, since biosparging remediation emphasizes biodegradation
over volatilization or vaporization of the contaminant. The primary locations for
biodegradation in contaminated soils are within the saturated zone on the surface of soil
particles, or on biofilms made up of bacteria at liquid-liquid interfaces between
contaminants and water (Clayton et al. 1996). The objective of this research is to
determine the effect of biosparging on PCP degradation and the associated bacterial
community in contaminated groundwater at a wood treatment facility. In order to
accomplish the objective, PCP concentration and changes in bacterial communities over
time will be determined. Bacterial identification will be determined at the beginning and
end of the study.
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CHAPTER II
LITERATURE REVIEW
History of Wood Preservation
Chemical preservatives are added to wood in order to 1) provide a barrier between
wood and degrading chemicals, including water, 2) block or repel invasive organisms
such as bacteria, fungi, and insects, and 3) prevent physical damage from exposure to
light or heat (Wilkinson 1979). From the earliest recorded history, chemicals have been
used to prevent decay and damage of wood products. Pitch has long been used to caulk
the seams between wooden planks of ships. Roman sailors protected their wooden ships
with coatings of tar. Oils, resins, coal tar derivatives, salt solutions, and heavy metal
solutions have all been used to prolong the life of wood and wood products. In 1838, the
first patent for a pressure-treatment system to impregnate wood with creosote was issued
to John Bethell and the modern age of wood preservation was begun (Freeman et al.
2003). Similar systems are used today to treat utility poles, landscape timbers, railroad
ties, and other products with one of three types of chemical preservatives: creosote and
other coal-tar derivatives, other oil-borne compounds such as pentachlorophenol (PCP or
Penta), and water-borne inorganic compounds such as chromated copper arsenates (CCA)
(Barnes 2002).
Wood preservatives should be designed to be safe to use, consistently effective,
unlikely to leach from wood to which they are applied and economical to produce
(Wilkinson 1979). The prevention of attacks from wood-boring insects, fungi, and
3

bacteria are of paramount importance in the design of effective, marketable wood
preservatives. Pentachlorophenol meets all of these criteria. Its inherent toxicity was
recognized by the early 1900’s, but stringent oversight of wood preservatives was not
enforced until the creation of the Environmental Protection Agency (EPA) in 1970.
Pentachlorophenol use was restricted in 1987 when the EPA de-registered its non-wood
usage and was further restricted in 1990 when it was designated as a B2 carcinogen, a
probable human carcinogen (US EPA 2008). Currently, the only EPA-registered PCP
products are restricted to use in a pressure treatment system treating exterior-use wood
products such as lumber and utility poles.
Regulation of Wood Preservatives
Primary oversight of the wood preservative industry is governed by the Resource
Conservation and Recovery Act (RCRA), enacted in 1976. This legal act provides the
basis for removing a potentially harmful preservative chemical from the market, or
reducing the allowed usage of the preservative to prevent human contact. As wood
preservatives are investigated and developed, each must periodically undergo a reregistration process with the EPA to maintain its legal status for use in the United States.
The 1995 EPA Office of Compliance Profile of the Lumber and Wood Products
Industry recorded a total of 486 active wood preserving facilities in the United States,
with the majority of the industry located in the Southeast and the Pacific Northwest (US
EPA 1995). Although many wood treatment plants processed generated waste in
accordance with federal regulation and safety controls, some plants did not meet the
guidelines set forth in the EPA’s regulatory acts. Of these non-compliant wood
preserving facilities, approximately 6% used PCP-based treatments (US EPA 1995). In
4

1999, the EPA National Priority List (NPL) recorded 40 contaminated sites with nearly
1.2 million cubic meters of wood treatment wastes (Schmidt et al. 1999). Currently, the
EPA lists 173 pentachlorophenol contaminated sites in the active Superfund database, 3
within the state of Mississippi (Comprehensive, Environmental, Response,
Compensation, and Liability Information System CERCLIS 2011). These sites receive
CERCLA funding to mitigate existing contaminations of pentachlorophenol.
Pentachlorophenol Toxicity and Global Presence
Because of its effectiveness as a fungicide, herbicide, bactericide, and insecticide,
PCP remains widespread, even though its toxicity has been well documented (Cooper and
Jones 2008). The low-cost, highly effective, and nearly universally applicable treatment
chemical was produced at an estimated 50,000 metric tons worldwide at its peak usage
(Crosby 1981). Technical grade PCP used in pressure treatment contains a number of
toxic impurities, including chlorinated dibenzodioxans, hexachlorobenzene (HCB),
dibenzofurans, and cyclohexadienes, in addition to the fully chlorinated, highly toxic
pentachlorophenol. These additional compounds vary from mildly toxic, more easily
metabolized octachlorodibenzodioxin (OCDD) to the very toxic, highly carcinogenic
HCB. Cumulatively, these compounds comprise 10% or less of the technical grade
product (Crosby 1981, Tondeur et al. 2010).
PCP has been detected in both environmental and human tissue samples around
the world. Both chronic and acute PCP exposures pose risks to human health.
Atmospheric samples ranged from 0.25 – 0.93 ng/m3 in air fractions in the Bolivian
Andes (5200 m elevation) to 7 ng/m3 in the air over Antwerp, Belgium (Crosby 1981).
Higher levels of PCP were found in effluent water from a wood treatment plant, and in
5

samples of river water and domestic sewage. The use of PCP as a pesticide was found to
influence the content of PCP in food products as varied as cereals, vegetables, chicken,
cane sugar, and fish. The use of treated wood shavings as animal bedding was thought to
contribute to the presence of PCP in beef, pork, and chicken food products as well as in
tanned animal hides. In humans, PCP was detected at low levels (6.3µg/L) in 85% of the
urine samples taken from the general United States population. In workers who were
exposed to PCP through occupational contact, these levels rose as high as 37 mg/L, an
increase of over 5000 fold. Sawmill workers in New Zealand experienced elevated serum
levels of hexachlorodibenzo-p-dioxin (1,2,3,6,7,8-HxCDD), heptachlorodibenzo-p-dioxin
(1,2,3,4,6,7,8-HpCDD), and octachlorodibenzodioxin (OCDD) for twenty years after
their last exposure to PCP (McLean et al. 2008). Human remains have also been tested
for the presence of PCP (Wagner et al. 1991). Subjects represented a broad range of
occupationally exposed workers and the general public, and samples were collected from
a variety of organs and fatty tissues for analysis. All tested tissues were within the
positive, detectable range for PCP, with the highest concentration at 4.143 ppm (mg/L).
PCP exposure in humans has been linked to increased incidence of non-Hodgkin’s
lymphoma, multiple myeloma, and kidney cancers, specifically in mill workers with
multiple years of exposure (Demers et al. 2006, Cooper and Jones 2008). Ruder and Yiin
(2011) found a statistically significant increase in standardized mortality rates (SMRs) for
cancer mortality, particularly deaths from lung cancer and non-Hodgkin lymphoma, in
PCP production workers in the United States through 2005. In Taiwan, an abandoned
PCP manufacturing plant contributed to serum levels of dioxins and furans
(PCDD/PCDF) as high as 5240 pg/g lipid in residents, when normal levels are 15-20 pg/g
lipid (Lee et al. 2006).
6

Present-day Pentachlorophenol
The restriction of PCP continued in 2004 with the discontinuation of spray and
brush applications, and in 2008 with the Reregistration Eligibility Decision (RED). The
United States EPA cited the human health and ecological risks as reasons for the
reduction in permitted uses of PCP, and currently, only six products containing PCP are
registered for use in the United States (US EPA 2008). Most European Union countries
have banned the use and manufacture of PCP. Belize, China, and the United States have
severe restrictions on its use. In the United States, PCP is primarily used to treat utility
poles. In contrast to the limitations impressed on its use, PCP retains a significant portion
of the wood preservative market. PCP is cost-effective to produce, may be applied in a
number of treatment methods, is effective on a variety of products, and is retained in
treated products in nearly all environmental conditions. PCP does not easily migrate out
of treated wood products once they are dried, which makes it ideal for use in tropical and
subtropical climates where heat and humidity increase the potential for decay (Barnes and
Murphy 1995). PCP treated utility poles have a lower ecological toxicity impact value,
greenhouse gas use, fossil fuel use, and water use than either concrete or steel utility
poles, which results in greater sustainability and lower ecological impact for PCP treated
poles (Bolin and Smith 2011).
Lack of regulation prior to 1987 has resulted in a host of issues within the United
States including improper disposal practices, inadequate storage conditions, and
contaminations resulting from spills, leakage, or runoff of wood preservative chemicals.
Wood preservation facilities active prior to 1987 that used PCP in the preservative
process are most likely to have environmental contaminations of PCP in their immediate
surroundings (Kitunen et al. 1987, Lee et al. 2006). Environmental contamination by
7

PCP is not a result of treated products which are currently in use, but an issue of wood
treatment waste which has been incorrectly disposed. Pressure treatment with PCP results
in deep penetration of the compound into wood, binding primarily to the middle lamella
between cell walls (Crosby 1981). Immediately after treatment, unbound PCP may
“bleed”, “drift”, or “bloom” in liquid or crystal form out of the wood and be easily
washed from the surface of the material. Improper storage of freshly treated wood
products, therefore, can be a source of PCP contamination at wood treatment facilities.
However, once the PCP treated product has dried, the loss of PCP is miniscule
(Wilkinson 1979, Barnes and Murphy 1995, Bolin and Smith 2011). Improper storage of
chemicals at facilities long in production may also play a role in environmental
contamination by PCP. The most likely scenario for contamination is improper disposal
of wood waste (wood chips, sawdust, etc.) and process waters.
Environmental Remediation
A number of remediation methods have been used to reduce environmental
contaminations of PCP. Environmental remediation is the removal of contaminants or
pollutants from an environmental media (water, soil, or air) to protect human health
(Eisenbeis 2003). Remediation technologies that can be used for cleanup of wood
preservatives depend on 1) the chemical and physical properties of the contaminant, 2)
site characteristics, 3) amount of contaminant, and 4) cost of treatment method. Each
contaminated area must be examined carefully to determine the remediation technology
that is most appropriate for the desired result.
Remediation technologies can be divided into two large groups – in-situ, where
the contaminated medium is treated in place, and ex-situ, where the medium is removed
8

from its original location for treatment. These groups are further divided according to the
contaminated medium – soil, water, and air. A brief overview of the most common
remediation technologies for groundwater and soil is given in Table 2.1. These matrices
are most easily contaminated with wood preservatives, which are generally in liquid
form. Contamination of air may occur in wood treatment facilities through ventilation of
excess steam generated in the mixing of chemicals and the treatment process, but
airborne pollutants are generally captured by filtration and scrubber systems included in
the facility’s ventilation system (Crosby 1981).
Removal and transport of contaminated soil may be prohibitively costly,
depending on the volume of soil that must be treated. A common method of treatment is
excavation of contaminated soil and treatment of the entire volume on the surface.
Above-ground soil remediation may be performed near the contaminated location or the
soil may be transported to a separate treatment location. Above-ground treatments
include landfarming, biopiles, and aeration. Landfarming involves spreading the
excavated soil into thin layers on an impermeable surface, which increases the surface
area available for microbial biodegradation. Biopiling provides a temperature-controlled
environment for thermophilic microorganisms to degrade recalcitrant contaminants under
higher temperature conditions (USEPA 1998e, Khan et al. 2004). Aeration is a third
common treatment of excavated soil, also relying on turning or tilling thinly-spread
layers of contaminated soil on an impermeable subsurface to increase volatilization of
gassed vapors from contaminated soil (Khan et al. 2004).
Soil washing, thermal desorption, bioslurry remediation and ultraviolet-oxidation
treatment processes employ reactor vessels to treat contaminated soil (FRTR 1999i,
FRTR 1999o, Chu and Chan 2003). Within a reactor, excavated soil is combined with
9

heat, light, water, or other treatment additives and is often agitated constantly to increase
the speed of degradation. Other remediation technologies of note are phytoremediation
and natural attenuation. Phytoremediation involves the introduction of plants to a
contaminated site for the purpose of trapping or changing the contaminant.
Phytoremediation can take many forms. Some of these are: phytoextraction, in which the
plant removes the contaminant from the soil or groundwater matrix and stores the
contaminant within the plant’s tissues; rhizofiltration, in which the root mass acts as a
filter through which contaminated water is taken in and remediated; and
phytostabilization, in which the plant eliminates the bioavailability of the contaminant
(Salt et al. 1995, Mills et al. 2006). Natural attenuation processes rely on existing
microorganisms and site characteristics to remediate a contaminated area (US EPA
1996c). For sites with high public impact or high visibility, natural attenuation may be the
best candidate for treatment as it is non-invasive. No technology is introduced to the
contaminated area, but the area is monitored carefully to determine the extent of the
contaminant, as well as any number of factors that may affect biodegradation.

10

Table 2.1

Summary of common soil and groundwater remediation technologies that
may be used for treatment of areas contaminated by wood preservatives.
(compiled from US EPA 1996 a-g, US EPA 1998 a-c, e-f, Khan et al. 2004)

In-situ Technologies

Medium

Application*

Ex-situ
Technologies
Landfarming

Medium

Application*

Soil vapor extraction

Soil

Soil flushing

Soil

VOCs, SVOCs
BTEX
Gasoline
Radionuclides
VOCs, SVOCs
Fuels
Pesticides

Soil

Petroleum

Thermal
desorption

Soil

Heavy metals
Radionuclides
PCBs, PAHs
Explosives
Cl-solvents
Hydrocarbons
Diesel
VOCs

Biopiles

Soil

Petroleum
Mercury
VOCs
PAHs, PCBs
Pesticides
Petroleum
VOCs
SVOCs
Pesticides

Phytoremediation

Soil

Bioventing

Soil

Encapsulation

Soil

Not often used

Aeration

Soil

Air sparging

Groundwater

Pump-and-treat

Groundwater

Passive/reactive
treatment walls

Groundwater

VOCs
Gasoline
Cl-solvents
VOCs, SVOCs
Inorganics

Groundwater

Biosparging

Groundwater

Natural attenuation

Groundwater/
Soil

Light petroleum
compounds
Fuels
Wood treatment
wastes
Solvents

Ultravioletoxidation
treatment
Bioslurping

Ex-situ Technologies

Medium

Application*

Soil washing

Soil

SVOCs
Heavy metals
Petroleum
Fuel residues
PCBs, PAHs
Pesticides

Bioslurry systems Soil

In-situ or Ex-situ Medium
Technologies

Application*

Solidification/
stabilization
Groundwater
circulation wells

Heavy metals
Inorganics
VOCs, SVOCs
Pesticides
Fuels
BTEX
Inorganics

*Application abbreviations:
VOCs – Volatile Organic Compounds
SVOCs – Semi-volatile Organic Compounds
BTEX – Benzene, Toluene, Ethylbenzene, Xylene
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Groundwater

Non-halogenated
SVOCs, VOCs
Pesticides
PCBs
SVOCs
Pesticides
Fuels
VOCs, SVOCs
Fuels
Dissolved metals
Petroleum
products
VOCs, SVOCs
Floating LNAPL

Soil
Groundwater

PAHs – Polycyclic Aromatic Hydrocarbons
PCBs – Polychlorinated Biphenyls
Cl-solvents – Chlorinated Solvents

In-situ treatments are selected based on the characteristics of the contaminated
medium and the characteristics of the contaminant. Many of these treatment systems
involve the placement of treatment wells within the contaminant plume and/or
surrounding the area. Wells can be used for either extraction of the contaminant from the
soil or groundwater, or injection of treatment aides to increase degradation of the
contaminant (Khan et al. 2004). In the case of extraction, wells may be installed to
extract either vapors, as in Soil Vapor Extraction, or liquids, as in Bioslurping.
One well-based treatment method that has been employed for many years is the
pump-and-treat process. The process is used most often for the remediation of
contaminated groundwater aquifers. In this method, extraction wells are located
throughout the contaminated area and the groundwater is pumped out of the soil. Once
removed, the water is treated according to the type of contaminant it contains, and may
be reintroduced to the original source once treatment is completed. Alternatively, the
cleaned water may be discharged to a body of surface water or passed into a wastewater
treatment facility (Khan et al. 2004). Pump-and-treat methods can require heavy
investments of capital and incur extremely high costs if the contaminant is particularly
toxic or recalcitrant. These methods are limited in their scope, and are not always the
most effective method for removing contaminants, particularly when the contaminant is
capable of adsorbing to soil particles (Moyers et al. 1997). Historically, this treatment
method has been applied in many conditions, but the use of pump-and-treat has declined
with the advent of more refined, specialized methods such as biosparging and reactive
treatment walls.
Wells can not only be used to remove contaminated material, but also to inject
compounds to aide in treatment. Among injection-type well procedures are soil flushing,
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air sparging, biosparging, and groundwater circulation. (US EPA 1996e). Groundwater
circulation wells are a relatively new remediation technology, and are not applicable in
all situations. The treatment relies on continuous recirculation of contaminated
groundwater through wells. The water is pumped through a system of wells without ever
reaching the surface. This treatment method is also known as in-well vapor stripping or
vacuum vapor extraction (Khan et al. 2004).
Air sparging wells are most often employed in the removal of volatile organic
compounds (VOCs) that have become dissolved in groundwater. An air sparging
treatment is carried out by injecting pressurized air into the saturated zone of
contaminated soil. As this injected air rises through the contaminated soil, air channels
are created, allowing the contaminant to desorp and volatilize out of the soil. The injected
air also increases the oxygen content of the soil, increasing the rate of biodegradation by
indigenous microorganisms (Bass et al. 2000, Khan et al. 2004). Air sparging has gained
wide acceptance since its development as a remediation system, and has been employed
successfully in remediating petroleum hydrocarbons, chlorinated solvents such as
tetrachloroethylene (TCE), diesel fuel and BTEX (benzene, toluene, ethylbenzene, and
xylene) isomers (Johnson et al. 2001, Kao et al. 2008). There are, however, some issues
associated with air sparging treatment. The movement of air within soil and groundwater
matrices is not easily modeled, as it changes with soil type, soil coarseness, water level,
and other factors. The distribution of air within a matrix is difficult to predict, particularly
in heterogeneous soils. Air sparging is an extremely useful vehicle for the delivery of
nutrients within the soil and groundwater matrices. When coupled with a nutrient solution
designed to increase microbial biodegradation, air sparging becomes biosparging – often
resulting in a much more effective remediation (Eisenbeis et al. 2003). Biosparging
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shares the same methodology as air sparging, but uses a lower flow rate of injected air to
minimize volatilization of the contaminant. Injected nutrients improve conditions for
microorganisms to break down the contaminants within the soil and groundwater
(USEPA 1998c). In particular, carbon to nitrogen ratios (C:N) and available phosphate
(ortho-P) are regarded as influential factors in the ability of bacteria to degrade
contaminants (Schmidt et al. 1999, Kao et al. 2008).
Within groundwater bacterial communities, diversity varies greatly between soil
types, pH, oxygen content, and organic matter content. Various functional groups exist
within the community, including methane and ammonia oxidizers, lithoautotrophs,
denitrifiers, sulfate reducers, methanogens, and others. In a review published in 2009,
Griebler and Lueders describe the biodiversity within groundwater ecosystems,
estimating that up to 40% of the earth’s prokaryotic biomass is located in the terrestrial
subsurface. Groundwater communities are often composed primarily of well-adapted
heterotrophic organisms, with a smaller percentage of carbon dioxide fixing
lithoautotrophs. The location of organisms within the subsurface environment is
particularly important when considering a contaminated groundwater system. Organisms
that are bound tightly within soil aggregates are less likely to encounter contaminants and
therefore less likely to participate in degradation. Free-living or surface-attached
organisms have the greatest opportunity for interaction with contaminants in
groundwater. The transition zones between soil horizons, vadose zones, and the saturated
subsurface are thought to contain greater diversity of organisms. In many soil types,
zones such as these are connected hydrologically, and therefore may be considered a
linked series of ecosystems. The mass of prokaryotes in groundwater has been estimated
at 22-215 x1012 kg, or between 6% and 40% of the earth’s total prokaryotic biomass
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(Griebler and Lueders 2009). This is important in the remediation of contaminated
groundwater systems, as the bacterial community is highly adaptable to environmental
changes and therefore has the best opportunity to remediate contaminants on-site.
Bacterial remediation of contaminants may not be the most successful treatment method
in all cases, but in many remediation systems, the bacterial component of the existing site
can serve as a secondary remediation pathway.
A 2008 evaluation of biosparging remediation found that this type of treatment is
ideal for long-term control of a migrating contaminant plume that is not easily extracted
(Kao et al. 2008). The evaluation occurred at an abandoned petrochemical production
facility where leakage had contaminated the site’s groundwater. Petroleum hydrocarbons
contain benzene, toluene, ethylbenzene and xylene, or BTEX. These compounds are
readily degraded under both aerobic and anaerobic conditions, but the rate of degradation
is much higher under aerobic conditions. Six air injection wells were drilled within the
contaminant plume and monitoring wells for soil vapor and groundwater were placed
around the treatment site. With an airflow of 0.17 m3/minute, the injection of air served to
significantly decrease the BTEX concentrations throughout the site. Prior to the operation
of the air sparging pumps, the evaluators determined that natural attenuation of the
contaminant was occurring, but at a very slow rate, allowing the contaminant plume to
continue to spread throughout the area. Air sparging resulted in a change in interspatial
conditions within the contaminant plume, from anaerobic to aerobic, shown by an
increased dissolved oxygen (DO) content, an increase in culturable heterotrophic
bacteria, and a decrease in total anaerobic bacteria (Kao et al. 2008). The decrease in
BTEX overall was greater than 70%, and no rebound of contaminant to pre-treatment
levels was reported in this case. Additionally, hydrocarbon degrading microorganisms
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were cultured, and Candidatus magnetobacterium, Flavobacteriales bacterium, and
Bacteriodetes bacterium were identified as degraders of BTEX compounds. In this case
evaluation, air sparging was determined to be extremely useful in the bioremediation of a
severe petroleum contamination.
Biosparging has been applied in various soil strata and to various contaminants, to
varying degrees of success. A lumber mill in Arizona installed a biosparging system for
treatment of 25,000 gallons of gasoline lost from a leak in the fueling system. Pilot tests
onsite indicated that removal of up to 73% of the BTEX contaminants using a
combination of biosparging and soil vapor extraction (Muehlberger et al. 1997).
Chlorinated compounds may also be remediated by biosparging, such as trichloroethane
(TCE) and cis-dichloroethene (Tovanabootr et al 2001). In Iowa, a military installation
with a groundwater contamination of jet fuel was treated using biosparging coupled with
soil vapor extraction, removing up to 97% of the fuel contamination in the groundwater,
proving that biosparging is highly effective in the remediation of contaminations in
subsurface water (Strzempka et al. 1997). In their review of air sparging systems, Bass et
al. (2000) summarized the treatment capability of 44 sparging systems. Of the reported
treatments, 59% reached a permanent reduction of contaminant of 90% or greater, and
47% achieved a 95% or greater reduction. Within treatment areas, however, individual
wells showed insufficient reduction of the contaminant or exhibited rebound to original
contaminant levels post-treatment. Contaminants treated among the reviewed systems
included BTEX, methyl-tert-butyl-ether (MTBE), benzene, and petroleum hydrocarbons.
The chlorinated solvent sites generally had more success with biosparging remediation
than petroleum-contaminated sites. The investigators also noted that discussion of results
should be undertaken with caution, as these sites were created not for research purposes,
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but for real-world treatment needs (Bass et al. 2000). Sites considered for air or
biosparging remediation treatments should therefore be examined on a case-by-case basis
to determine the most beneficial application of sparging technology to the treatment area.
When choosing to employ a biosparging remediation system, considerations of soil type,
depth of saturated zone, depth of water table, soil particle size, adsorption potential of
contaminant, and chemistry of contaminant are the most important factors to consider.
However, one factor that is often overlooked in the installation of biosparging or air
sparging systems is the genera of bacteria that make up the subsurface bacterial
community. A description of the type of bacteria available to aid in the remediation of the
contaminant, along with a general understanding of the possible roles each identified
bacteria may fill would allow biosparging systems to utilize a remediation method
already in place to enhance treatment of the site.
Bacterial Degradation of Wood Preservatives
Wood preservative chemicals may be remediated from contaminated materials by
a variety of methods. Creosote may be bioremediated (Byss et al. 2008), PCP can be
volatilized (Shen et al. 2005), and CCA can be removed from wood waste by chelation or
bioremediation (Kartal and Imamura 2003). Not only does free PCP volatilize readily, but
a number of bacteria have been determined to have the ability to actively degrade PCP.
These include strains of Pseudomonas sp., Burkholderia cepacia, Novosphingobium sp.,
Flavobacterium sp., and Azotobacter sp. GP1. Both Flavobacterium sp. and Azotobacter
sp. have been reclassified in American Type Culture Collection (ATCC) as Sphingobium
chlorophenolicum strains. S. chlorophenolicum strains are most widely used today to
model the degradation pathway of PCP.
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Burkholderia cepacia AC1100 is one of two bacteria to have the degradation
pathway for PCP completely described. The other is S.chlorophenolicum ATCC 39723.
Both of these bacteria carry the pcp suite of genes, and both have the ability to mineralize
PCP and other chlorinated phenols. The presence of either or both of these organisms
within a contaminated groundwater system would indicate that the potential for PCP
degradation by the microbial community is high. The presence of other organisms with
the ability to degrade chlorophenols would also be beneficial to the remediation of a
contaminated site. Metabolites produced during the degradation of PCP must also be
degraded for complete remediation of the site, and there are other organisms with the
ability to break down smaller chlorinated phenols, such as Pseudomonas spp. UG25 and
UG 30 and Herbaspirillum chlorophenolicum. In PCP contamination in particular, there
is a need for co-degradation of the carrier oil. Several species are capable of utilizing
hydrocarbon contaminants as an energy source, including Pseudomonas fluorescens and
Collimonas sp. (Barathi and Vasudevan 2001, Hamamura et al. 2006).
Bacterial degradation of PCP is thought to follow a stepwise progression of
dechlorination of the aromatic ring before the ring is cleaved (Orser et al. 1993, Shah and
Thakur 2003). Based on examinations of metabolites in culture, the degradation of PCP
by bacteria is believed to be enzyme-mediated. Several oxygenase and reductase enzymes
interact with a progression of metabolites as chloride ions are removed from the aromatic
ring structure. Degradation begins with para-hydroxylation of PCP to tetrachloro-phydroquinone, or TeCH, which is the rate-limiting step catalyzed by the enzyme PCP-4monooxygenase (Orser et al. 1993, Wang et al. 2002, Crawford et al. 2007). PCP-4monooxygenase (PCP4MO) is a flavin monooxygenase that exhibits fairly non-specific
substrate specificity (Tiirola et al. 2002, Wang et al. 2002). It has been suggested that
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because of its broad acceptance of phenolic substrates, and because of a slow rate of
catalysis, PCP4MO may have been acquired only recently. This seems likely when one
takes into account the relatively recent introduction of PCP into the environment, along
with the lack of any biological sources of PCP. Homologues of the PCP4MO-encoding
pcpB gene have been isolated in strains of PCP-degrading bacteria including several
strains of S.chlorophenolicum and Novosphingobium subarcticum (Tiirola et al. 2002).
The high level of similarity between the sequences of pcpB (97 – 100%) strongly
suggests that lateral transfer of genes is occurring. Following the initial dechlorination,
TeCH is further dechlorinated to 2,3,6-trichloro-p-hydroquinone (TrCH) by TeCH
reductive dehalogenase, and then to 2,6-dichloro-p-hydroquinone (2,6-DiCH) by DiCH
dioxygenase. It is at this step in degradation that the aromatic ring is sufficiently
dechlorinated to become vulnerable to ring cleavage (Figure 2.1).

Figure 2.1

Pentachlorophenol degradation pathway of S. chlorophenolicum ATCC
39723. PcpB, PCP 4-monooxygenase; PcpD, tetrachloro-p-benzoquinone
reductase; PcpC, TeCH reductive dehalogenase; PcpA, DiCH 1,2dioxygenase; PcpE, chloromaleylacetate reductase; TeCH, tetrachloro-phydroquinone; TriCH, trichloro-p-hydroquinone; DiCH, 2,6-dichloro-phydroquinone. (Huang et al. 2008)
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Several genes that are involved in the production and control of the enzymes
responsible for PCP degradation have been identified, sequenced, and located within the
genome of PCP degrading microorganisms. Complete genomes have not yet been
sequenced, except in the case of the opportunistic pathogen Burkholderia cepacia
(Rodley et al. 1995). One organism, Sphingobium (Flavobacterium) chlorophenolicum,
has been used as a model system because of its ability to completely mineralize PCP (Cai
and Xun 2002, Dai et al. 2003, Crawford et al. 2007). Genes related to the degradation
pathway of S.chlorophenolicum are shown in Figure 2.1. The pcpA, pcpB, and pcpC
genes were the first to be cloned and sequenced. Products of each of these genes
represent four of the first five steps in the degradation pathway. The second pathway step,
reduction of tetrachloro-p-benzoquinone (TCBQ) to tetrachloro-p-hydroquinone (TeCH)
is catalyzed by the tetrachlorobenzoquinone reductase product of the pcpD gene (Dai et
al. 2003). The final two steps are catalyzed by maleylacetate reductase encoded by pcpE.
In addition to these genes, the transcriptional regulators pcpM and pcpR have also been
identified. The PCP degradation genes appear to be organized into two clusters, one 24kb fragment containing pcpE, pcpM, pcpA, and pcpC, (pcpEMAC) and an 8-kb fragment
containing pcpB, pcpD, and pcpR (pcpBDR)(Cai and Xun 2002). The two regulators
pcpM and pcpR are in the LysR-type transcriptional regulator (LTTR) family. This most
abundant group of transcriptional regulators has highly conserved N- and C-terminal
structures, but is able to function as regulators for a wide variety of genes (Maddocks and
Oyston 2008). Interestingly, only one of the identified regulators, pcpR, is required for
PCP degradation. Functional analysis studies with strains containing mutations of each
pcp gene have shown that pcpR is an essential activator, producing complete loss of PCP
degrading ability in mutated forms. Inactivation of pcpM did not result in a loss of
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degradative activity. Additionally, pcpB, pcpA, and pcpE were found to be inducible by
the presence of PCP (Cai and Xun 2002). Since the rate-limiting step in the degradation
pathway is the conversion of PCP to TCBQ, expression of the pcpB gene is the most
critical step in bacterial degradation of PCP contamination. In an air sparging treatment,
the presence of S.chlorophenolicum and other bacteria containing the pcp family of genes
may ensure a more complete remediation of contaminating PCP.
To determine the presence or absence of bacteria capable of PCP degradation, the
microbial community of a contaminated site must be examined. However, there are wellknown limitations to identification of the microbial community of a particular area. The
most commonly used methods of quantification of microorganisms have been viable
plate counts and most probable number techniques in past years (Amman et al.1995).
One of the greatest limitations with existing methods is the need to culture
microorganisms for observation. Culture media cannot possibly provide the appropriate
conditions to every member of an environmentally-sourced microbial community sample
(Amman et al.1995). Without knowing the members of the community, media
components and growth conditions are difficult, if not impossible, to optimize. Without
cultured samples to increase the number of viable cells, identification of the members of
the microbial community is equally difficult. In recent years, the advent of molecular
techniques for separation of species has made identification more accurate and complete.
Direct extraction of DNA from environmental samples has advanced, but is highly
dependent on the medium from which the sample is being extracted. Extraction of rRNA
or rDNA, amplification by PCR, ‘shotgun’ cloning to create a clone library of hundreds
of sequence fragments, sequencing of representative clones, and comparing sequence
results are time consuming, but highly accurate methods for obtaining identifications. For
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bacteria, the 16S and 23S rRNA or rDNA fragments are most frequently sequenced for
identification purposes. These two fragments are highly conserved among bacteria, and
contain approximately 1,500 and 3,000 nucleotides respectively. The size of the
fragments and their consistency among species make them ideal candidates for
sequencing.
More recently, terminal restriction fragment length polymorphism analysis
(TRFLP) has found favor as a method for quantitative comparison of microbial
communities (Blackwood et al 2003, Schütte et al. 2008). While this method does not
identify a particular species, it does allow the researcher to examine the presence or
absence of represented species within a sample. The method relies on labeling either the
5’ or 3’ end of a chosen primer with a fluorescent dye, then separating the labeled
amplified fragments by length after digestion with an appropriate restriction enzyme
(Thies 2007). Separation of the fragments is normally accomplished by an automated
capillary sequencer, but may also be performed by acrylamide gel electrophoresis.
Amplified fragments from different species will contain different restriction digest sites,
producing fragments of unique lengths per species. In this way, species can be separated
by fragment size and compared to other communities or to pure culture standards.
Application of molecular techniques to an analysis of groundwater bacterial
community has challenges. The variability of total number of bacteria within the
groundwater ecosystem is large, ranging from 102 to 106 cells per cm3 of groundwater.
The ratio of free bacteria to sediment-bound bacteria is highly dependent on sediment
particle size, dissolved carbon, and mineralogy (Griebler and Lueders 2009). Culturable
cells may be found in percentages as low as 0.01-1% of the total microscopic count (Cho
et al. 2003). Morphological identification of individual bacterial species is rarely a
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suitable differentiation, and so physiological characterizations such as substrate
incorporation, doubling times, and metabolic rate modeling were used to describe
individual species. However, these methods are not specific enough to describe members
of groundwater communities that may have highly similar functions. Bacteria in
groundwater systems tend to be dominated by the phyla proteobacteria and include
classes such as Bacteriodetes, Firmicutes, and Actinobacteria (Griebler and Lueders
2009). The proportion of species within these phyla varies greatly between groundwater
systems and is dependent on site characteristics. With this understanding, molecular
techniques such as TRFLP and 16S rDNA sequencing may still be applied to analyze the
population of groundwater ecosystems, as long as the observer is conscious of the flaws
of the system of measurement.
The caveat with these molecular methods is, of course, that the quality of the
recovered DNA is sufficient to perform these examinations. If there are not sufficient
cells from which to extract DNA, then a species may go unrepresented throughout the
entire procedure. A species may be resistant to lysis procedures, never releasing its DNA
from the cell membrane, or the lysis may be too harsh and produce sheared DNA
Amplification may produce primer-dimer remnants or the amplification mixture may be
too rich or too poor in G+C content. Primer sites chosen for their uniformity among
bacteria may not apply to every member of the community (Frey et al. 2006). When
clones are produced containing amplified fragments, not all clones may be selected for
sequencing. To sequence every clone produced, when it is normal to find hundreds of
clones per plate and to produce several replicate plates of each sample, would be
incredibly time consuming and financially draining. At any step in the process, some
portion of the microbial community will be lost. A combination of techniques is therefore
23

the most reliable way to obtain a true picture of the composition of the microbial
community.
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CHAPTER III
MATERIALS AND METHODS
Field Procedures
Site Description
The site of the contaminated groundwater used in this study is located in the
southeastern United States, adjacent to a wood treatment facility which is currently using
PCP as a chemical preservative treatment for utility poles. A series of seven air sparging
wells were installed downstream of the contaminant source, an unlined lagoon, in 2000
after a PCP contamination of the groundwater was confirmed. Each well was constructed
of 5.08 centimeter (cm) schedule 40 PVC pipe with a 1.52 meter (m) slotted screen
portion at the bottom and was placed at a depth of 7.01 to 8.84 m, to the base of the
saturated zone. Injection wells were covered with a 0.61 m2 metal box for protection and
received 295 cubic liters of air per minute from a regenerative blower located near the
property boundary. The blower supplied air continuously at 15 pounds per square inch
(psi), with an impact radius of approximately 9.14 m per well (Borazjani et al. 2005). In
addition to injection wells, a series of monitoring wells constructed from 5.08 cm steel
pipe were installed throughout the contaminated area. Monitoring wells were 4.72 m to
9.75 m deep, positioned so that the bottom of each well was located at the base of the
saturated zone. Each monitoring well was surrounded by a 0.30 m thick, 0.91 m2 concrete
pad. Monitoring wells were installed upstream (Above=A) and downstream (Below=B)
of the sparging wells within the PCP plume, and inside (I) and outside (O) the impact
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radius of the sparging system. Well location descriptions are found in Table 3.1. Location
and relative position of monitoring wells, sparging wells, and blower housing are shown
in Figure 3.1a. Distances between each monitoring well and the closest biosparging well
were measured and shown in Figure 3.1b.
Table 3.1

Descriptions of monitoring wells. Well codes describe three characteristics:
1) distance from nearest biosparging well, 2) above or below air sparge line
in relation to groundwater flow, 3) inside or outside sparging wells zone of
influence (approximately 9.14 m radius).

Well Number

Well Code

Distance from
closest sparging
well (m)

14
44
51
52
42
43
17
41

8AI
19AO
8BI
6BI
7BI
9BI
15BO
17BO

8.23
19.81
8.53
6.71
7.62
9.14
15.24
17.07

Above or below
Inside or
biosparging
outside of
(A or B)
treatment zone
(I or O)
Above
Inside
Above
Outside
Below
Inside
Below
Inside
Below
Inside
Below
Inside
Below
Outside
Below
Outside

Groundwater sampling
One-liter samples of groundwater were taken quarterly from each of eight
monitoring wells for nutrient analysis and bacterial enumeration. Metal bailers (4.45 cmdiameter) were used to retrieve groundwater in wells 8AI, 8BI, and 6BI. Wells 15BO,
17BO, 7BI, 9BI, and 19AO were fitted with polyethylene tubing because the wells could
no longer accommodate the metal bailers and samples were extracted from these wells
using a peristaltic pump. The top 0.91 m of groundwater was sampled from each well.
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a

b

Figure 3.1

a (top) and b (bottom). Diagram of contaminated site, including monitoring
and biosparging wells and direction of groundwater flow. Heavy arrows
indicate direction of groundwater flow. A=above biosparging; B=below
biosparging; I=inside treatment zone; O=outside treatment zone.
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In addition to quarterly samples, between January and September 2010, monthly
samples of 500 mL were taken for bacterial analyses using 1.91 cm-diameter disposable
polyethylene Aqua-bailers® (Environmental Equipment and Supplies, Harrisburg, PA).
Monthly sampling was performed immediately prior to and seven days following
addition of 500 mL of a nitrogen-rich liquid nutrient amendment containing 24% total
nitrogen, 8% available phosphate (P2O5), 16% soluble potash (K2O), 0.02% boron, 0.07%
water soluble copper, 0.15% chelated iron, 0.05% chelated manganese, 0.0005%
molybdenum, and 0.06% water soluble zinc.
Laboratory Analyses
Chemical Analysis
PCP concentration in groundwater samples was determined by extraction of PCP
using a modified version of EPA Method 3510C (Separatory Funnel Liquid-Liquid
Extraction) followed by analysis by gas chromatography-electron capture detection (GCECD). PCP was extracted into 200 mL of methylene chloride. One mL of 1000 ppb
tribromophenol (TBP) was used as an internal standard. The methylene chloride extract
was reduced to approximately 0.25 mL by condensation with a Snyder column. This
volume was transferred to chromatography vials, and 100 µL of the derivitizing agent
N,O-bis(trimethylsilyl)-trifluoroacetamide + trimethylchlorosilane (BSTFA+TMCS) was
added to each vial. Extracts were allowed to derivitize for a minimum of two hours.
Extracts were brought to a final volume of 1 mL with hexane, and analyzed on an Agilent
6890 GC System. PCP concentration was determined from a calibration curve generated
from 1, 2, 5, 10, and 25 ppb PCP.
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Nutrient analyses were performed by a commercial analysis laboratory. Chemical
parameters measured in groundwater samples were: total Kjeldahl nitrogen (TKN) by
EPA Method 351.4, total organic carbon (TOC) by EPA Method 415.1, total organic
phosphorus (TOP) by EPA Method 365.3, ortho-phosphate (Ortho-P) by EPA Method
365.3, and free chloride ion (Cl) by EPA Method 325.3.
Bacterial Enumeration
Bacterial colony forming units (cfu’s) were determined by adding 1 milliliter
(mL) of groundwater to 9 mL sterile ddH2O to create a 1:10 dilution. After mixing, 1 mL
of 1:10 diluted groundwater was added to another 9 mL of sterile ddH2O to produce a
final dilution of 1:100. Two hundred and fifty microliters of the 1:100 dilution was then
plated on both nutrient agar (NA) plates and nutrient agar plates containing 5 µg/ml PCP
(NA+P). Bacterial colonies on these plates were counted after 48 hours of growth at
30°C, and counts were averaged between duplicate plates. From these enumerations,
quantity of bacteria in cfu/L was calculated for both total bacteria and PCP-tolerant
bacteria from each well.
Bacterial Identification
Culturing and DNA Extraction
One mL of water sample was added to 100 mL sterile nutrient broth containing 1
µg/L (1ppb) PCP and incubated with shaking at room temperature for 48 hours. DNA
was extracted from these cultures using a modified NucleoSpin Tissue nucleic acid
purification kit (Macherey-Nagel, Bethlehem, PA). One mL of cultured cells was
centrifuged at 14,000 x g for 10 minutes in a 1.5 mL microcentrifuge tube. Liquid media
was removed and discarded. The cell pellet was resuspended in 180 µl of Buffer T1 by
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pipetting. Cells were pre-lysed by the addition of 25 µl of Proteinase K, followed by
vortexing, and incubation at 56°C with shaking for 2 hours. Lysis was accomplished by
the addition of Buffer B3, vortexing, and incubation at 70°C for 10 minutes. After
incubation, DNA was precipitated by the addition of 210 µL of 96% ethanol. Tubes
containing samples were placed into the -20°C freezer for 15 minutes. For each sample,
one NuceloSpin Tissue Column was placed into a collection tube. Samples were applied
to columns and centrifuged for one minute at 11,000 x g. Flow-through was discarded
and the column was placed back into the collection tube. The column was washed with
500 µL of Buffer BW and centrifuged for one minute at 11,000 x g. Flow-through was
discarded and the column was replaced in the collection tube. The column was washed a
second time with 600 µL of Buffer B5 and centrifuged for one minute at 11,000 x g. The
column was dried by centrifugation for one minute at 11,000 x g. Any residual ethanol
was removed by this step. The column was placed into a sterile 1.5 mL microcentrifuge
tube and DNA was eluted by the addition of 100 µL of Buffer BE, pre-warmed to 70°C.
The columns were incubated at room temperature for at least one minute, then
centrifuged for one minute at 11,000 x g. Quantity and quality of DNA obtained from
each culture was measured using a NanoDrop 1000 UV-Vis spectrophotometer (Thermo
Scientific, Wilmington, DE). Five µL of DNA was combined with 2 µL of loading dye
and visually examined by electrophoresis on a 1.5% agarose gel containing 5 µL
GelStar® stain (Lonza Rockland, Inc., Rockland, ME). Size was determined by
comparison with 1kb Plus DNA ladder (Sigma-Aldrich, St. Louis, MO).
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Amplification of 16s rDNA
Extracted DNA was amplified using bacterial specific primers targeting the 16S
region, chosen for its exclusivity to bacterial genomes (Edwards et al. 1989, Wilson et al.
1990, Macrae 2000). A 16S forward primer (5’-AGATCGATCCTGGCTCAG) and the
universal 16S reverse primer 1492R (5’-GGTTACCTTGTTACGACTT) were employed
in a polymerase chain reaction (PCR) to amplify approximately 1,500 bases of the 16S
region. The PCR reactions contained 5 µL PCR buffer, 6 µL MgCl2 (25mM), 1 µL
deoxynucleotide triphosphates (dNTP) mix (10mM), 1 µL forward primer (1.6 µM), 1 µL
reverse primer (1.6 µM), 1 µL bovine serum albumin (BSA; 10 mg/mL), 0.5 µL Taq
DNA polymerase (5 U/µL), 31.5 µL ddH2O, and 3 µL DNA template extracted from
cultured samples, for a total volume of 50 µ L for each reaction. Thermocycling
conditions were programmed on an Eppendorf Master Cycler© as follows: initial hot
start at 95°C for 2 minutes, at 94°C for 45 seconds, annealing at 57°C for 1 minute,
extension at 72° for 2 minutes, repeated for 27 total cycles. Final extension settings were
72°C for 7 minutes, and the reactions were cooled to 4°C. Ten µL ddH2O and 3 µL
template DNA were pipetted into a 0.2 mL PCR tube and placed into the thermocycler
for the hot start initialization, included in the reaction protocol to decrease annealing time
and prevent non-target amplification (Paul et al. 2010). A master mix was created with
the remaining reaction components, and during pause after the hot start, 47 µL of the
master mix was added to each tube. Amplification reactions were completed in
approximately 2.5 hours. Amplified DNA was assessed for quality and quantity using a
NanoDrop 1000 UV-Vis spectrophotometer, and 1.5% agarose gel electrophoresis. For
spectrophotometric analysis, 2 µL of an amplified DNA sample was placed on the sample
pedestal of the NanoDrop and the absorbance was measured. A 260:280 ratio
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approaching 2.00 was used as the measure of best quality DNA. For visual assessment of
fragment size and relative quantity, 5 µL of each sample was mixed with 2 µL of loading
dye by pipetting. Samples with dye were loaded into a 1.5% agarose electrophoresis gel
containing 5 µL GelStar® stain (Lonza Rockland, Inc., Rockland, ME) Three microliters
of exACTGene® 1Kb Plus DNA ladder (Fisher Scientific, Pittsburgh, PA) was used in
each gel as a size marker. Correctly amplified fragments were located between the 1,000
and 1,500 bp markers.
Cloning and Sequencing
Amplified products were cloned into E.coli cells using a TOPO TA Cloning Kit
for Sequencing (Invitrogen, Carlsbad, CA) following manufacture’s instruction. Ligation
was performed by adding 1 µL of amplified 16S DNA fragment, 3 µL of water, 1 µL of
salt solution, and 1 µL of pCR 4-TOPO vector to a 1.5 mL microcentrifuge tube. Tubes
were incubated at room temperature for 5 minutes before being placed on ice. Following
ligation, E. coli competent cells were transformed with the ligated vector and fragment.
Transformation was accomplished by adding 2 µL of the TOPO ligation reaction to a vial
of competent cells on ice. Gentle mixing of the ligation product and competent cells was
performed by tapping the vial of cells containing ligated vector. A control reaction was
performed by adding 1 µL of pUC19 vector to a separate vial of competent cells and
mixing gently. Vials were incubated on ice for 30 minutes, then heat-shocked at 42°C for
30 seconds. Immediately after heat shock, the vials were returned to ice for 2 minutes.
After the incubation on ice, 250 µL of room temperature S.O.C. medium was added (2%
tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, and 10 mM
MgSO4, 20 mM glucose). The vials were tightly capped and shaken at 37°C for 1 hour on
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a Thermolyne Vari-Mix horizontal shaker inside a Thelco Precision laboratory incubator
(Thermo Fisher Scientific, Asheville, NC). After incubation with shaking, 100 µL of each
transformation was added onto an individual pre-warmed LB agar plate containing 75
µg/mL ampicillin. These plates were incubated at 37°C overnight. Ten colonies per plate
were selected and introduced into 2 mL of LB medium containing 75 µg/mL ampicillin
and cultured overnight at 37°C on a Thermolyne Vari-Mix horizontal shaker inside a
Thelco Precision laboratory incubator.
The resulting plasmids were extracted from the cultured cells using a PureLink
Plasmid Miniprep kit (Invitrogen, Carlsbad, CA) following manufactures instruction. The
2 mL of culture was pelleted by centrifugation at 12,000 x g for 10 minutes. All media
was removed and discarded. The cell pellet was resuspended in 250 µL Resuspension
Buffer (R3) with RNase A. To the resuspended cells 250 µL of Lysis Buffer (L7) was
added and the tubes were inverted 5 times to mix. Tubes were incubated at room
temperature for 5 minutes, and 350 µL of Precipitation Buffer (N4) was added. Tubes
were inverted to mix and centrifuged at 12,000 x g for 10 minutes. One spin column was
placed into a clean 2 mL microcentrifuge tube for each sample and the supernatant was
loaded onto the spin column. Columns were centrifuged at 12,000 x g for 1 minute. Flowthrough was discarded and the column was placed back into the tube. The column was
washed with 500 µL of Wash Buffer (W10) by centrifuging at 12,000 x g for 1 minute.
Flow through was discarded as before. An additional 700 µL of Wash Buffer (W9) was
added to the column, and the centrifugation was repeated. Flow through was again
discarded. The column was centrifuged at 12,000 x g for 1 minute to remove any residual
Wash Buffer (W9). The wash tube and any residual buffer were discarded. The column
was placed into a clean 1.5 mL recovery tube, and 75 µL of TE buffer that had been
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preheated to 70°C was added. The column was allowed to incubate at room temperature
for 1 minute before centrifugation at 12,000 x g for 2 minutes to recover the purified
plasmid DNA.
The plasmids were enzyme digested with EcoRI restriction enzyme for 1 hour at
37°C to verify successful ligation. The digest mix contained 2 µL of 10X buffer and 1 µL
EcoRI with 400 ng of DNA (4-7 µL) and ddH2O to a final volume of 20 µL. Two
microliters of loading dye was added to the digested product (5 µL) and visualized on a
1.5% high resolution agarose gel containing 5 µL GelStar® stain (Lonza Rockland, Inc.,
Rockland, ME). An exACTGene® 1Kb Plus DNA ladder (Fisher Scientific, Pittsburgh,
PA) was used as a size marker to determine presence of fragments of approximately
1,500 base pairs.
Plasmids with incorporated 16S fragments were then sequenced on a BeckmanCoulter CEQ 8000 Genetic Sequencer using a GenomeLab Dye Terminator Cycle
Sequencing kit (Beckman-Coulter, Brea, CA) according to manufactures instruction. The
DNA sequencing reaction was prepared in a 0.2 mL thermocycler tube and contained 4
µL template DNA, 2 µL -47 sequencing primer, 8 µL DTCS Quick Start Master Mix, and
6 µL ddH2O. This sequencing reaction was carried out on an Eppendorf Master Cycler©
using the following thermal cycling program: melting at 96°C for 20 seconds, annealing
at 50°C for 20 seconds, extension at 60°C for 4 minutes, repeated for 30 cycles following
by holding at 4°C. This sequencing reaction was completed in approximately 3 hours.
Following amplification, the DNA was precipitated and purified. Stop Solution/glycogen
mixture was prepared containing 2 µL of 3M sodium acetate, 2µL of 100 mM Na2EDTA, and 1 µL of 20 mg/mL glycogen. The sequencing reaction product was added to
the stop solution mixture and mixed thoroughly. Sixty microliters of cold 95% (v/v)
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ethanol/ddH2O was added to each tube. The resultant mixture was mixed and centrifuged
at 14,000 rpm for 15 minutes to precipitate the DNA. The supernatant was carefully
removed and discarded without disturbing the pellet. The pellet was then washed twice
with 200 µL 70% v/v ethanol/ddH2O, centrifuging each wash at 14,000 rpm for 5
minutes each time. Supernatant was removed each time and discarded. After washing, the
pellet was air dried for 10-15 minutes until all traces of ethanol were eliminated. Pellets
were resuspended in 40 µL sample loading solution (SLS). Samples were loaded into
individual wells of a sampling plate and given an overlay of mineral oil. The sample plate
was loaded into a Beckman-Coulter CEQ 8000 Genetic Sequencer and analyzed using the
standard DNA sequencing protocol. Sequences obtained from the CEQ 8000 were
subjected to BLAST database searches and clones with a greater than 96% identity match
and three or fewer sequence gaps were accepted as identified species.
T-RFLP Analysis
Bacterial DNA extracted from each water sample was amplified with a D4labeled 16S forward primer (5’-[D4-PA]-AGATCGATCCTGGCTCAG) and the same
unlabeled universal 16S reverse primer (1492R) used for sequencing analysis.
Amplification was carried out under the previously described thermocycling conditions
used to amplify the 16S rDNA region for sequence analysis. Labeled DNA was
quantified using a NanoDrop 1000 UV-Vis spectrophotometer as previously described,
and stored in foil-lined light exclusion containers to prevent degradation of the light
sensitive fluorescent D4 dye. The labeled amplified DNA fragments were stained with
gel loading dye and visualized on a 1.5% agarose gel containing 5 µL GelStar® stain
(Lonza Rockland, Inc., Rockland, ME). The size of the amplified fragment was
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confirmed by comparison with an exACTGene® 1kb Plus DNA ladder (Fisher Scientific,
Pittsburgh, PA).
For each amplified, dye-labeled 16S rDNA sample, approximately 300ng were
digested using TaqI restriction enzyme (Sigma-Aldrich, St. Louis, MO) at 37°C for 1
hour (Egert and Friedrich 2003, Countway et al. 2005). These digested fragments were
visually examined on a 1.5% high resolution agarose gel containing 5 µL GelStar® stain
(Lonza Rockland, Inc., Rockland, ME) and compared to an exACTGene® 1kb Plus DNA
ladder to confirm the size of digested fragments. Digested DNA was purified using an
ethanol precipitation cleanup procedure (Beckman-Coulter, Brea, CA). Following cleanup, DNA was resuspended in 50µl of Sample Loading Solution (SLS).
Five µl of labeled DNA was loaded into each well of a 96-well tray, with 0.5µl of
size standard 600 and 34.5 µl of SLS. For fragment analysis, eight replicates of each
sample were performed. The samples were covered with an overlay of mineral oil, loaded
onto the Beckman Coulter CEQ 8000 and fragments were analyzed using the Frag-4
separation method (Beckman Coulter, Brea, CA). Following separation, fragment data
were filtered to obtain fragments greater than 100 base pairs (bp) in size, and a peak
height (intensity) between 5000 and 80000 rfu. Additional refining of the data set was
performed by a visual examination of the electropherogram from each sample to
determine cross-reading between sample and size standard. Samples that were judged to
have cross-reading were eliminated from the data set. An amplified fragment length
polymorphism (AFLP) analysis was performed on monthly samples using CEQ analysis
software (Beckman Coulter, Brea, CA) and the number of terminal restriction fragments
(T-RF) was calculated for each sample and averaged across replicate samples. Binning
analysis was also performed on the fragment data to identify individual operational
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taxonomic units (o.t.u.’s) based on separate size fragments within each sample (Beckman
Coulter, 2004). The data was exported into Microsoft Excel© and formatted for use in
SAS Statistical Analysis Software (SAS Institute, Inc., Cary, NC).
Statistical Analyses
Nutrient Data
Nutrient data was determined by a commercial analysis laboratory and was
reported in mg/L (ppm). Data was converted to µg/L (ppb) for correlations with PCP.
Chloride ion concentration was the only chemical measure selected for statistical analysis
because of its direct relation to PCP degradation. Other nutrient data are reported in
Appendix A, for the year prior to sampling and all quarters during the sampling period.
PCP Concentration
PCP concentration was analyzed using PROC GLM in SAS v.9.2, and the
Pearson’s product-moment correlation coefficient function in Excel©. The equation used
to calculate Pearson’s correlation is

Both PROC GLM and Pearson’s correlation assume a linear relationship between
the variables being measured. To measure the correlation of mean PCP concentration and
distance from sparging, as well as correlation of PCP concentration change between
individual monitoring wells, Spearman’s rank correlation calculation was performed in
addition to Pearson’s. Spearman’s (rs) is similar to Pearson’s product-moment
correlation, but is a non-parametric measure of the statistical dependence between two
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variables, is less sensitive to strong outlier values, and does not assume a linear
relationship between variables. The Spearman’s rank equation is given as

In this equation, di indicates the difference between the ranks of each observation for the
two variables in question, and n is equal to the total number of observations.
Bacterial Fragment Analysis Data
Fragment analysis data (T-RFLP) was exported into a Microsoft Excel
spreadsheet and operational taxonomic units (o.t.u.’s) averaged over replicate fragment
analyses. Location in relation to biosparging, contaminant source, and time were used as
experimental variables while mean o.t.u. and species descriptors (richness, Simpson’s
diversity index, Shannon’s diversity index) were used as response variables. Species
richness, Simpson’s diversity index and Shannon’s diversity index were calculated using
Microsoft Excel. Fragment analysis data was analyzed using PROC GLM in SAS v. 9.2.
Microbial Community Analysis
Terminal restriction fragment (T-RF) results from each well at each month were
exported into a summary spreadsheet. The imported data was analyzed for measures of
alpha (α) diversity. Species richness is the most simple of the diversity measures, and is
described by the total number of species in an area. Simpson’s index takes into account
the number of species present and the relative abundance of each species. It is calculated
by the equation
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In this equation, pi is the fraction of all organisms which belong to the ith species, S is the
total number of species present. Shannon’s diversity index is slightly different from
Simpson’s in that Shannon’s index takes into account species evenness along with
richness. Shannon’s index is calculated by the equation

The Shannon’s index equation takes into consideration S, the total number of species
present, and pi, the proportion of the ith species to the overall community. Both Simpson’s
and Shannon’s indices were calculated in Microsoft Excel. Diversity measures were then
used to calculate species evenness for each location. Species evenness describes the
distribution of individuals among species within the total community and is calculated by
the following equation:

H′ is the Shannon’s diversity measure and S is the average species richness.
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CHAPTER IV
RESULTS AND DISCUSSION
Chemical Analyses
The US EPA recommends a maximum contaminant load (MCL) of 1 ppb for PCP
in the National Primary Drinking Water Regulations. Total PCP concentrations in all
wells over the course of the sampling period are shown in Figure 4.1, with the
recommended MCL noted by the dashed line. PCP concentration in each monitoring
well decreased during the sampling period for the wells above the biosparging line, and
decreased or remained constant in those wells below the biosparging line. Mean PCP
concentration for each monitoring well was correlated with distance to the nearest
biosparging point by both Pearson’s product-moment correlation and Spearman’s rank
correlation. Pearson’s product-moment correlation (r) is a measure of the strength and
direction of the linear relationship between two variables. Spearman’s (rs) is similar, but
is a non-parametric measure of the statistical dependence between two variables, is less
sensitive to strong outlier values, and does not assume a linear relationship between
variables. Collectively, these values provide a picture of the relationship between
distance from air injection and the change in PCP concentration. Both correlations range
from -1 to 1, with -1 being a perfect negative correlation, 0 representing no correlation,
and 1 indicating perfect positive correlation. Negative correlation indicates inverse
actions (as one variable decreases, the other increases), whereas positive correlation
indicates parallel actions (both increase or both decrease).
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Changes in PCP concentration (ppb) over time in all monitoring wells. Dashed line indicates MCL of 1ppb.
Legend description: Number indicates distance (m) to the nearest air injection well; A or B indicates above or
below the injection well; I and O indicates inside or outside the 9.14 m zone of influence by the air injection
wells.
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Mean PCP concentrations in wells above the line of biosparging (19AO and 8AI)
were positively correlated with a Pearson’s coefficient of 1, but this value and the r-value
of -15 determined in the Spearman’s rank calculation are conflicting. Because these
values fall outside the normal parameters of correlation, they are not likely to represent
the true nature of the relationship. Mean PCP concentrations in wells below the line of
biosparging (wells 6BI, 7BI, 8BI, 9BI, 15BO, 17BO) were negatively correlated with a
Pearson’s coefficient of r = -0.1371 and a Spearman’s rank coefficient of rs = -0.5428.
Both of these values indicate a weak to medium negative correlation (see Table 4.1). This
is confirmed by the data in Figure 4.1, where the decrease of PCP with an increase in
distance below the biosparging line is observed, but the PCP loss does not occur at the
same rate throughout the monitoring wells in this area.
Table 4.1

Description of correlation value ranges for both Pearson’s product-moment
and Spearman’s rank correlations.
Correlation
None
Small/Weak
Medium
Large/Strong

Negative
−0.09 to 0.0
−0.3 to −0.1
−0.5 to −0.3
−1.0 to −0.5

Positive
0.0 to 0.09
0.1 to 0.3
0.3 to 0.5
0.5 to 1.0

PCP concentration in wells above and below the line of biosparging, within the
9.14 m zone of influence of the biosparging wells were also correlated using the same
measures. Wells at 8 m above and 7 m below the biosparging line (8AI and 7BI, Figure
4.2) and within the zone of influence were compared to determine a relationship between
the PCP degradation above the sparging line and below, while holding distance from air
injection constant. Pearson’s product-moment correlation produced an r = -0.1982 and a
Spearman’s rank correlation of rs = -0.2724. These correlations suggest a weak negative
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interaction. Well 8AI is not situated along the axis of groundwater flow with well 7BI.
Rather, the two wells are located in parallel in relation to the direction of groundwater
flow and 7BI is downgradient from 8AI. To examine this factor, the two correlation
coefficients were calculated for the relationship between well 8AI and a well at a similar
distance, well 8BI (Figure 4.3). These wells are located along a similar axis with the
direction of groundwater flow, but across the gradient. The Pearson’s product-moment
coefficient was determined to be r = -0.7831, and the Spearman’s rank correlation was rs=
0.1527. With the difference in correlation values, this is indicative of a strongly negative
to weakly positive correlation. Negatively correlated values for PCP concentration
indicate that as the PCP concentration decreases in one well, it is likely to increase in the
other. This is reasonable to assume since groundwater flow from the source of
contamination reaches well 8AI and then moves downgradient to well 8BI. This
relationship is shown in Figure 4.3. Because both wells are located within the treatment
zone of the biosparging line, the impact of treatment is also seen. Well 8BI has a lower
overall concentration of PCP than well 8AI. The difference in PCP correlation between
the monitoring wells examined above and below the line of air sparging can possibly be
explained by the direction of groundwater flow in the area and the location of the wells in
comparison to the source of contamination
Monitoring wells outside of the air sparging zone of influence were also examined
for correlation, to determine if the highest and lowest points along the gradient of
groundwater flow in the measured area could be correlated. Spearman’s rank correlation
between wells 19AO and 17BO produced an rs value of 0.6484, indicating a strong
positive correlation. Pearson’s correlation calculation produced an r value of 0.7960, also
a strong positive correlation. This follows logically, because at these furthest points from
43

the air sparging, the PCP that is present continues to degrade at a similar rate without the
direct influence of sparged air, regardless of the initial concentration of PCP (Figure 4.4).
In well 19AO, there was a 62% decrease in PCP concentration over time, and in well
17BO, there was a 78% decrease. The strong positive correlation between the most
upgradient well and the lowest downgradient well also indicates that PCP is being
degraded throughout the system independent of direct biosparging influence. While well
19AO is far outside the range of air impact, well 17BO receives groundwater that has
passed through the treatment zone.
PCP concentrations in the monitoring wells were also compared to chloride ion
concentrations because chloride ions are produced as PCP is dechlorinated during
degradation. Chloride ion concentration comparisons were made between monitoring
well locations. Mean chloride ion concentrations showed no correlation to distance from
biosparging wells with a correlation coefficient of rs = 0.0719. In wells at similar
distances above and below the biosparging line, within the zone of influence of
biosparging, chloride ion concentrations were negatively correlated, with Pearson r
values of -0.9607 (8AI vs. 7BI) and -0.8660 (8AI vs. 8BI). However, when Spearman’s
rank correlation was calculated for the same wells, chloride ion concentrations were
weakly and strongly positively correlated, with rs values of 0.2321 (8AI vs. 7BI) and
0.8036 (8AI vs. 8BI) respectively. As in the PCP concentrations, correlations between
wells 8AI and 7BI were less similar than wells 8AI and 8BI. Wells outside the zone of
influence, above and below biosparging, showed a strong positive relationship with an r =
0.9819 and an rs = 0.8214 (19AO vs. 17BO). With such similarities in chloride ion
concentration relationships between wells and PCP concentration correlations between
wells, the PCP and chloride concentrations were subjected to a PROC CORR analysis in
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SAS v.9.2 (SAS Institute, Inc. Cary, NC) to determine correlations between the two large
data sets. This is performed more easily in SAS than in Excel with large sets of variables.
Across all well locations, PCP and chloride ion concentrations were positively
correlated, with a range of Pearson’s correlation coefficients from weak (0.2970, well
6BI) to strong (0.9592, well 15BO). It follows that chloride ion and PCP concentrations
would be positively correlated in a degradation environment, because with a higher
concentration of PCP, more chloride ions should be produced as the contaminant is
broken down. Therefore active degradation is occurring. Alternative processes of PCP
reduction such as volatilization and natural attenuation are highly dependent on optimal
environmental conditions, which change with varying soil matrices, temperature, water
content, and pH. These are not likely to be primary modes of degradation in a soil matrix
such as this study site, although they may have some impact, and so we can ascribe the
degradation primarily to the activity of microorganisms (Clayton et al. 1996, Humphries
et al. 2005). PCP is decreased by the action of the biosparging remediation over time.
PCP concentration change in wells within the zone of biosparging is strongly negatively
correlated and likely dependent on PCP concentration in the area immediately upgradient.
PCP concentration change in wells outside the zone of biosparging is strongly positively
correlated and indicates that along with biosparging decrease of PCP, other degradative
factors are at work. To better understand the processes that are occurring, it is imperative
to identify the bacterial species that play a role in degradation at air sparging remediation
sites. This community will vary among soil types, water table depths, and history of land
use. Therefore, each contaminated site should be evaluated on its own characteristics.
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Figure 4.2

PCP concentration (ppb)
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Linear (8AI)

Sampling Months - 2010
Linear (7BI)

PCP concentration (ppb) in two monitoring wells within the 9.14 m air sparging zone of influence, at
approximately equal distance above and below the sparging line Pearson’s product-moment coefficient (r) = 0.1982. Spearman’s rank coefficient (rs) = -0.2724. Legend description: Number indicates distance (m) to the
nearest air injection well; A or B indicates above or below the injection well.
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Figure 4.3

PCP concentration (ppb)

8AI
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Linear (8AI)

Sampling Months - 2010
Linear (8BI)

PCP concentrations (ppb) in monitoring wells at approximately equal distance above and below the sparging
line. Pearson’s correlation coefficient (r) = -.7831. Spearman’s rank coefficient (rs) = 0.1527. Legend
description: Number indicates distance (m) to the nearest air injection well; A indicates above the injection well;
I indicates inside the 9.14 m zone of influence by the air injection well.

y = 0.1845x + 1.313
R² = 0.4137

y = -0.4187x + 9.115
R² = 0.618

48

0

10

20

30

40

50

60

Figure 4.4

PCP concentration (ppb)

17BO

Linear (19AO)

Sampling Months - 2010
Linear (17BO)

PCP concentration (ppb) in monitoring wells at similar distances above and below the air sparging line.
Spearman’s rank coefficient (rs) = 0.6484. Pearson’s correlation coefficient (r) = 0.796. Legend description:
Number indicates distance (m) to the nearest air injection well; A or B indicates above or below the injection
well; O indicates outside the 9.14 m zone of influence by the air injection well.
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R² = 0.665
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R² = 0.9201

Bacterial enumeration
Bacterial colonies were determined on PCP-amended selective media and nutrient
agar. PCP tolerant bacteria per well ranged from 0 colony forming units per liter (cfu/L)
to 617,600 cfu/L across all wells (Figure 4.5). Mean total bacteria ranged from 0 cfu/L to
700,000 cfu/L (Figure 4.6). Some wells repeatedly produced significantly lower cfu/mL,
most notably the wells below the biosparging line 7BI, 9BI, and 17BO. During the eight
months of sampling, these wells frequently produced no visible colonies on PCP
amended media. The maximum values in PCP tolerant cfu/L and total cfu/L differed by
nearly 100,000 units. Total bacteria cfu/L were consistently higher than PCP-tolerant
bacteria cfu/L.
Bacterial counts were subjected to a PROC CORR analysis in SAS v.9.2 to
determine their relationship to distance from biosparging. For both PCP tolerant bacterial
colonies and total bacterial colonies, there were positive correlations with distance and
cfu/L. PCP tolerant bacteria and distance showed a weak positive correlation (r = 0.3091,
rs= 0.2619) from Pearson and Spearman’s correlations, while total bacteria and distance
correlated positive but weak (r = 0.1070) from Pearson’s and strongly (rs = 0.6190) from
Spearman’s correlations. A very strong correlation (rs =0.9379) exists between total
bacteria and PCP tolerant bacteria count which increases with increasing distance (Figure
4.7) over all wells during the sampling period. Bacterial communities increased in
number with increasing distance from the biosparging line. This indicates that the
injection of air most likely has an effect on the number of bacteria that are able to survive
in wells within the zone of increased oxygen. Modifying the delivered amount of oxygen

49

to an optimal amount for the PCP tolerant bacteria could improve degradation throughout
the system. Therefore, the next step is to identify the species of bacteria present.
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Figure 4.5

PCP-tolerant colony forming units per milliliter (cfu/mL)
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PCP-tolerant colony forming units (cfu) per liter of groundwater in all monitoring wells over time. Well
description: Number indicates distance (m) to the nearest air injection well; A or B indicates above or below the
injection well; I or O indicates inside or outside the 9.14 m zone of influence by the air injection well.
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Figure 4.6

Total colony forming units per milliliter (cfu/mL)

8AI

6BI

7BI

8BI

9BI

15BO

17BO

Total colony forming units (cfu) per liter of groundwater in all monitoring wells over time. Well description:
Number indicates distance (m) to the nearest air injection well; A or B indicates above or below the injection
well; I and O indicates inside or outside the 9.14 m zone of influence by the air injection well.
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Figure 4.7

Colony forming units per liter (cfu/L)
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Linear regression of mean cfu/L from sampling wells above sparging wells/outside zone of influence to below
sparging wells/outside zone of influence. Pearson’s correlation coefficient between PCP tolerant bacteria cfu/L
and Total bacteria cfu/L is 0.9379.
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Bacterial identification
Identification of bacteria in the monitoring wells was accomplished by sequencing
16S rDNA amplified region of extracted DNA performed at the beginning and end of the
sampling period. Overall, the community varied little from the beginning of sampling to
the end (Table 4.2, Figures 4.8a and 4.8b). However, notable changes included a)
absence of the known chlorophenol degrader Herbaspirillum sp. at the end of the study
compared to its presence at the beginning of the study and b) the increase of
Burkholderia sp. from 17% to 28% of the total identified species. An average of 40
“uncultured” species were returned as matches from BLAST database searches over all
wells at the beginning and at the end of the study. These species met the criteria for
positive identification (96% or greater max identity; 3 or fewer sequence gaps), but are
unclassified in the BLAST database. These unidentified members of the community
made up a significant portion of the community. However, since it is not possible to
assign these organisms to a group, they were represented as a single unit. The most
frequently identified PCP degrading genera on average was Burkholderia sp. (23%)
followed by a Pseudomonas sp. (14%), and Flavobacterium sp. (10%). Flavobacterium
chlorophenolicum and other members of this genus have recently been reclassified as
Sphingomonads. F. chlorophenolicum (now Sphingomonas chlorophenolicum) and
Burkholderia cepacia are both used as model organisms for investigation of enzymatic
degradation of PCP (McAllister et al. 1996). Other identified bacteria are the common
soil denitrifier Denitratisoma oestradiolicum, and the chitinolytic Collimonas sp.
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Massilia Collimonas
4%
2%
Azospirillum
7%
Oxalicibacterium
2%

Herbaspirillum
4%

Burkholderia
17%
Pseudomonas
15%

Pedobacter
7%

Rhodoanobacter
13%

Flavobacterium
11%
Denitratisoma
7%

Janthinobacterium

11%

(a)
Azospirillum
Aquaspirillum
6%
4%
Pedobacter
6%

Collimonas
4%

Burkholderia
29%

Rhodoanobacter
14%
Denitratisoma
6%

Flavobacterium
8%

Janthinobacterium

10%

Pseudomonas
13%

(b)
Figure 4.8

Genera of identified species in groundwater samples at the (a) beginning
and (b) end of the study. Bold stripes indicate known PCP-degrading
bacteria.
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8AI
Burkholderia
cepacia*
Burkholderia
sp. Ellin155*

Burkholderia
sp. Ellin123*
Thauera sp. R28312
Denitratisoma
oestradiolicum

Pseudomonas
putida*
Pseudomonas
sp. *
Rhodoanobacte
r sp.
Azotobacter
vinlandii
Rhodocista
pekingensis
Azospirillum
irakense
Aquaspirillum sp.
Janthinobacterium
agaricidamnosum
Pedobacter sp.

Collimonas sp.

Rhodocista sp.
Bacteroidetes
bacterium

Azospirillum sp.

Flavobacterium
sp.*
Janthinobacterium
sp.

Burkholderia sp.*
Flavobacterium
hercynium*

6BI

Rhodoanobacter
i fulvus

Thaurea sp.

7BI
Flavobacterium
hercynium*

Collimonas sp.
Janthinobacterium
agaricidamnosum
Massilia dura
Aquaspirillum
arcticum
Bacteroidetes
bacterium

Azospirillum sp.
Azospirillum
massiliensis
Janthinobacterium
lividum

Flavobacterium
hercynium*
Oxalicibacterium
faecigallinarum
Pedobacter
Tianshan221-3
Azospirillum
irakense

Burkholderia sp.*
Herbaspirillum
sp*.

8BI

9BI
Pseudomonas
sp.*
Rhodocista
sp.
Denitratisoma
oestradiolicu
m

Rhodococcus sp.

Aquaspirillum sp.
Rhodoanobacter
thiooxydans

Pedobacter insulae
Janthionobacterium
lividum

Pseudomonas
putida*

Pseusomonas sp.*

Burkholderia sp. *

15BO

Rhodoanobacte
r sp.
Denitratisoma
oestradiolicum

17BO
Pseudomonas
fluorescens*
Herbaspirillum
sp.*

Identified species in groundwater samples at the beginning (February) of the study. Asterisks (*) indicate known
or strongly suspected degraders of chlorinated phenols.

19AO
Burkholderia
cepacia*
Pseudomonas
fluorescens*

Table 4.2
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Burkholderia
sp. Ellin155*

Burkholderia
sp. Ellin123*
Burkholderia
cepacia*
Thauera sp. R28312
Denitratisoma
oestradiolicum

Burkholderia
phytofirmans *

Burkholderia
sp. CPA1 *
Burkholderia
sp. SBK-19 *
Pseudomonas
fluorescens*
Pseudomonas
sp. *
Pseudomonas
putida*

Rhodoanobacte
r sp.

Azospirillum
irakense
Rhodocista
pekingensis

8AI
Burkholderia
fungorum *

19AO
Burkholderia
cepacia*

Table 4.2 (continued)

Pedobacter sp.

Aquaspirillum sp.
Janthinobacteriu
m
agaricidamnosum

Collimonas sp.

Rhodocista sp.
Bacteroidetes
bacterium

Azospirillum sp.

Flavobacterium
hercynium*
Janthinobacteriu
m sp.

Flavobacterium
sp*

Burkholderia sp.*

6BI

Burkholderia
phytofirmans *
Thaurea sp.

7BI
Flavobacterium
hercynium*

Collimonas sp.
Janthinobacteriu
m
agaricidamnosum
Massilia dura
Aquaspirillum
arcticum

Oxalicibacterium
faecigallinarum
Janthinobacteriu
m lividum

Azospirillum sp.
Bacteroidetes
bacterium
Azospirillum
irakense
Pedobacter
Tianshan221-3

Flavobacterium
hercynium*

Burkholderia sp.*
Burkholderiaceae
bacterium KVD1921-04 *

8BI

Rhodocista
sp.
Denitratisom
a
oestradiolicu
m

9BI
Pseudomonas
sp.*

Rhodococcus sp.

Rhodoanobacter
thiooxydans

Pedobacter insulae

Aquaspirillum sp.

Pseusomonas sp. *
Pseudomonas
putida*
Janthionobacterium
lividum

Burkholderia
cepacia*

Burkholderia sp. *

15BO

Denitratisoma
oestradiolicum

Rhodoanobacte
r sp.

17BO
Pseudomonas
fluorescens*

An interesting change occurred in the well thought to be least impacted by the
sparging, well 19AO. This well has the highest concentration of PCP of the monitoring
wells, has high colony forming unit counts of both total and PCP tolerant bacteria, and
had a large decrease in PCP (62% decrease) over the sampling period. Within this well,
the identifiable species increased from eight in February to ten in September. Notable
among the identified species, the number of Burkholderia species increased from one to
four. Because Burkholderia cepacia is present at both points of identification, and is a
known PCP degrading bacteria, we can surmise that this species is playing a role in the
degradation of the contaminant. If it is not increasing in number because of the influence
of biosparging, what then could cause Burkholderia to proliferate? As stated in the
methods, 500 mL of a nitrogen rich nutrient amendment was added to each monitoring
well at each month during the sampling period. The consistent addition of nitrogen and
phosphorus may have improved growth conditions in each well for Burkholderia. If this
is the case, then in the wells that are more influenced by biosparging, we should see a
similar increase in Burkholderia occurrences over time. Across all monitoring wells,
there was no loss of Burkholderia sp., and in five of the eight wells, there was an
increased identification of the bacteria. This indicates that the addition of nitrogen and
phosphorus to the groundwater system is likely to be necessary to the growth of
beneficial PCP degrading bacteria such as Burkholderia. The addition of monthly nutrient
amendment to the biosparging system would be inexpensive, and require little additional
effort. To improve degradation throughout the system, this modification to the treatment
is highly recommended.
Between wells inside the zone of treatment and wells outside the zone, there were
differences in identified bacteria. Wells within the zone of treatment, particularly wells
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6BI and 8BI produced the most bacterial identifications of all monitoring wells. This may
be due to the increased oxygen levels, which allow facultative aerobes such as the
identified Azospirillum irakense, Collimonas sp., and Pedobacter sp., to increase in
number. However, wells outside the zone of treatment, 19AO and 15BO, also produced
high numbers of identified species. An interesting difference between the less-impacted
and more-impacted wells was that the incidence of known or suspected PCP degraders
only changed in three of the eight wells, and two of those three wells were above the line
of biosparging. While the occurrence of a specific bacteria, Burkholderia sp., did increase
over the course of the study, the total number of suspected PCP degraders did not
significantly change for most of the monitoring wells. This indicates that Burkholderia
may be the species most impacted by the treatment and by the addition of nutrients, and
may be the most dominant species in the system. The remediation may be improved by
optimizing the subsurface conditions throughout the area for the growth of Burkholderia.
Many of the identified bacteria belong to the phylum Bacteriodetes. These include
the Flavobacterium, Sphingomonas, and Bacteriodetes genera. In particular, the
sphingomonads are prolific degraders of xenobiotic contaminants such as PCP.
Flavobacterium, Arthrobacter, and some species of Pseudomonas have recently been
reclassified into the Sphingomonas genus (Stolz 2009). Other than the sphingomonads,
the most identified order of bacteria was the burkholderiales. These include the genera
Burkholderia, Collimonas, Herbaspirillum, Janthinospirillum, Oxalicibacterium, and
Massilia. Both the sphingomonads and the burkholderiales are proteobacteria, but belong
to different subclasses – sphingomonads are alphaproteobacteria and burkholderiales
belong to the betaproteobacteria. Sphingomonads are found in nearly all environments,
from pristine to heavily polluted waters, to plant surfaces, to arctic soils, and even within
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cloud water (Stolz 2009). They are highly adaptable but are strictly aerobic. Therefore, it
is logical to find them in the groundwater matrix in a highly oxygenated ecosystem. The
burkholderiales, particularly Burkholderia are found in diverse habitats as well, and have
a four-replicon genome with several insertion sequences that make mutation, gene
transfer, and gene recombination highly likely (Ramette et al. 2005).With this ability to
adopt new genetic sequences, Burkholderia is a very versatile microbe. Burkholderiales
are facultatively aerobic, and commonly found in soil and water around the world, so
identifying this bacterium in a contaminated, oxygen-rich system is not surprising. The
increase of Burkholderia species from the beginning to the end of the study is also
interesting. This is significant because the genus is known to be a prolific degrader of
PCP. More species of Burkholderia in the groundwater indicates that conditions in the
subsurface environment are suitable for the bacteria to degrade PCP, and the more PCP
degradation occurs, the more quickly and thoroughly the remediation will be completed.
In summary, approximately half of the bacterial community is composed of
known PCP degrading bacteria. Burkholderia sp. appear to be the dominant bacterial
species in the community. With the addition of nutrient amendment over time,
Burkholderia sp. increase in number and more species of Burkholderia are identified
throughout the monitoring wells.
For a more thorough description of the groundwater bacterial community,
complimentary techniques such as creation of clone libraries followed by shotgun
sequencing and TRFLP comparisons between environmental samples and pure cultures
of identified community members should be employed to further refine the identification
of the community. Filtering bacteria from groundwater samples could have been
performed, but the extraction technique to remove DNA directly from a filter is harsh,
60

and is likely to produce sheared DNA during extraction (Humphries et al 2005). Direct
extraction of DNA from groundwater was considered and performed on trial samples,
using a WaterMaster DNA Purification kit from Epicentre Biotechnoloties (Madison,
WI). While highly successful on diluted pure cultures of both gram-positive and gramnegative bacteria controls, the DNA recovered from environmental samples was
extremely poor quality, and was consistently difficult to amplify sufficiently for use in
sequencing or TRFLP analysis.
T-RFLP analysis
Bacterial community profiles generated in T-RFLP analysis were separated by
binning analysis into individual species, or operational taxonomic unit (o.t.u.). One o.t.u.
was defined as one dye-labeled fragment, greater than 100 nucleotides in length, with a
fluorescence between 5,000 and 80,000 relative fluorescence units (rfu), independent of
other fragments. Across all sampling points, 119 unique species were identified.
Measures of α-diversity were calculated from the counted o.t.u.’s per well, correcting for
repeated fragments within a well over time. Diversity measures calculated were: species
richness (S), species evenness (J′), Simpson’s index of diversity (D), and the ShannonWiener index (H′) and are given in Table 4.3.
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Table 4.3

Alpha diversity measures for individual wells over the sampling period.
Well codes describe three characteristics: distance from nearest biosparging
well in meters, above (A) or below (B) air sparge line, and inside (I) or
outside (O) sparging wells zone of influence (approximately 9.14 m radius).

Well code

Species
Richness (S)

Species
Evenness (J′)

Simpson’s
index (D)

19AO
8AI
6BI
7BI
8BI
9BI
15BO
17BO

74
17
54
39
45
86
38
60

1.826752
1.060082
1.808134
1.204827
1.919167
1.73375
1.59553
1.262809

0.8935
0.9238
0.8391
0.9402
0.7753
0.9288
0.8594
0.9592

ShannonWiener index
(H′)
7.862
3.004
7.212
4.414
7.306
7.7227
5.8038
5.1703

Alpha diversity measures were taken to make comparisons between individual
sample units. Species richness, the simplest of the α-diversity measures, is the number of
individual species identified in a sample unit, in this case, within a monitoring well
(Figures 4.9 and 4.10, McCune and Grace 2002). Because of the positive correlations
between PCP, chloride ion, and distance, similar analyses were performed on o.t.u.’s
also. There appears to be a medium positive correlation between the species richness and
distance from air sparging, as evidenced by the Spearman’s rank correlation rs of 0.4286.
Evenness, Simpson’s index, and Shannon’s index also have positive correlations with
distance, although they are also small (0.3635, 0.2243, 0.1981 respectively, Table 4.3).
Species evenness describes the distribution of species over the entire community. As
evenness approaches 1, the species become more evenly distributed across the
community.
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Variation in species richness (S) and Simpson’s index of diversity (D) in monitoring wells from above (A) and
below (B) air sparging line and inside (I) and outside (O) air sparging zone of influence.
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Distribution of operational taxonomic units (o.t.u.=species) in all monitoring wells over the sampling period.
Columns are indicative of sampling points February – September 2010.
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Simpson’s and Shannon’s indices both describe the diversity of species.
Simpson’s index describes the likelihood that two individuals chosen at random will be
members of different species. Shannon’s index, on the other hand, takes into account both
the evenness of the species and the total number of species. However, the Shannon’s
index is notoriously difficult to understand. While it is an indicator of the difficulty in
predicting the next individual in a random sampling of the population, it cannot be truly
described as a probability of that difficulty (Hill et al. 2003). Shannon’s also tends to
underestimate the true value in cases of incomplete coverage, where a species is
represented in less than 50% of samples. It is important to understand the limitation of
diversity measures when using them to describe populations. Shannon’s is still a useful
measure, but these limitations must be taken into account and Shannon’s should never be
used as the only measure of species diversity.
In wells at similar distances above and below air sparging inside the air sparging
zone of influence (8AI vs. 8BI) there is a medium negative to weak positive correlation
between species richness and distance (Figure 4.11). This indicates that the number of
species in the downgradient well (8BI) is not strongly dependent on the number of
species in the more upgradient well (8AI). However in wells above and below but outside
the zone of influence, a medium positive correlation exists (rs = 0.4881, Figure 4.12),
indicating that there may be some small dependence of species richness between
upgradient and downgradient wells. The significance of the correlation factors in this
instance indicates that throughout the area, proximity to biosparging wells has at least
some influence on the richness of species within the bacterial community. Increased
subsurface concentrations of oxygen near the biosparging wells provides an environment
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R² = 0.2211
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8BI

8AI

Linear regression of o.t.u.’s in wells at similar distances above and below air sparging inside the air sparging
zone of influence. Pearson’s correlation = -0.4306; Spearman’s rank correlation = 0.1309. Well description
explanation: Number indicates distance (m) to the nearest air injection well; A or B indicates above or below the
injection well; I and O indicates outside or inside the 9.14 meter zone of influence by the air injection well

FEB

y = -0.1548x + 16.321
R² = 0.0014

Species richness correlation in wells above and below biosparging, inside the zone
of influence

suitable for facultatively aerobic microorganisms to proliferate, which can be confimed
by the identification of facultative aerobic bacteria in the identification portion of the
study. This could account for the increased diversity correlations with nearness to the
biosparging wells.
Positive correlations between evenness, Simpson’s, and Shannon’s indices and
distance from air sparging indicate that as the distance from the air sparging line
increases, the distribution of individuals over the represented species becomes more even
and more diverse. When compared with the total counts in cfu/L, this conclusion is
justified because of the increase in total and PCP-tolerant cfu/L in the wells at greater
distances from the air sparging line. There are more species (diversity), so there are more
culturable species (cfu/L counts), and individuals are spread more evenly among the
represented species (evenness). The regression analysis in wells above and below the
sparging line, outside the 9.14 meter zone of treatment (Figure 4.12) indicates opposite
slopes, which would suggest a negative correlation. This is not the case, however. The
two sets of data follow a highly similar pattern, which is confirmed by the positive rank
correlation. Well 19AO began with a lower number of identified o.t.u., and as the
sampling period progressed, nutrients were added monthly to improve the habitat for the
bacteria in the groundwater. 19AO likely started with fewer species (lower o.t.u.) because
of its high concentration of PCP. As the sampling period progressed and, a nutrient
solution was added monthly, the concentration of PCP steadily decreased. With a
decrease in PCP concentration in well 19AO, and an increase in available nutrients even
without the influence of injected air, the c.f.u.’s in well 19AO increased in number. Well
17BO had a much lower PCP concentration than well 19AO, so the bacteria that resided
within the area were not compelled to overcome the contamination. The groundwater that
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reaches well 17BO has passed completely through the zone of treatment and is very low
in PCP. Both 19AO and 17BO follow a similar pattern of bacterial fluctuations, even
though the slopes of their regression lines are different. Species richness does not appear
to be influenced by proximity to biosparging, although bacterial counts (cfu’s) do show a
decrease in locations below the biosparging line. In summary, species richness and
diversity were high at wells across the site, and was fairly consistent. Species evenness
also appears to be consistent throughout the area. The calculated diversity measures do
show some dependence on location in relation to biosparging wells. This indicates that
the number of species present and composition of the bacterial community may be
influenced, at least to some degree, by biosparging remediation. It is important that
remediation procedures take into account the species that are present within the area, and
use the degradative abilities of these species to benefit the remediation process.
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CHAPTER V
CONCLUSIONS
From this study, we can conclude that biosparging remediation does impact the
native bacterial community, but the community outside the zone of influence is likely to
be impacted more by the addition of necessary nutrients such as nitrogen and phosphorus.
The community identified at this site was dominated by species of Burkholderia, and
occurrence of Burkholderia increased with the addition of a nutrient amendment. This
bacteria is known to completely degrade PCP, and may be used in conjunction with the
biosparging treatment to completely remove the contaminant from the area. Other
members of the Burkholderiales order were identified as well, and close genetic
relationships between these bacteria may allow the possibility of lateral gene transfer, and
the potential for more PCP degrading organisms to develop within the system.
Interestingly, the other members of Burkholderiales that were identified in the system
(Collimonas, Janthinospirillum, Herbaspirillum, Massilia, and Oxalicibacterium) are not
identified in literature as PCP degraders. Herbaspirillum does have the ability to degrade
4-chlorophenol, so perhaps the less represented members of Burkholderiales are acting as
co-metabolizers of PCP breakdown products. An interesting extension to this study
would be the isolation of each identified member of the bacterial community for use in
gene expression analysis to determine if any members other than Burkholderia may
express the pcpB gene to initiate PCP degradation.

70

Biosparging remediation does decrease the concentration of PCP over time in
contaiminated groundwater. In-situ biosparging is a less expensive alternative to
traditional pump-and-treat or landfarming methods that have been used in the past to
remediate areas contaminated with PCP. The addition of a nutrient amendment
component along with identification of the bacterial community present at the outset of a
biosparging treatment would not add significant cost or labor to this type of treatment.
Protocols for identification of bacteria and monitoring changes in the bacterial
community over time are well established and can be modified for application to a
particular site. Although the initial financial input would include this type of monitoring,
by establishing the presence of degradative bacteria in the contaminated area, injection
well placement and air flow could be optimized for the best bacterial degradation and
possibly reduce the amount of injection wells needed to treat the site.
Air sparging remediation designs should take into account the role played by
native bacteria, and although financial constraints may limit the number of wells that can
be inserted into an area, the monitoring of degradative bacteria within the system is a
vital part of the remediation picture. This can be accomplished with simple protocols and
rapid analysis by molecular techniques. Improving the habitat underground so that the
bacteria are able to reach their degradation potential will make the remediation of
chlorophenols in groundwater more effective, and potentially less time consuming. This
study site has been undergoing treatment for ten years, and there is still a significant
amount of PCP to be removed from the area. The biosparging treatment has had a
significant effect on the reduction of PCP over the years, and many of the monitoring
wells indicate PCP levels in the neighborhood of the EPA’s recommended MCL for
groundwater. Across the system, we have observed correlations between the presence of
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the biosparging wells and a reduction in PCP concentration. However, previous literature
on the use of biosparging treatments repeatedly warns of the possibility of contaminant
rebound once the sparging system is inactivated. Degradative bacteria could provide a
secondary treatment level to limit the possibility of contaminant rebound. Future
treatment installations should include identification of the existing bacterial community
within the contaminated groundwater, before beginning a biosparging treatment. If the
bacterial community is known, it can be monitored through the course of the treatment,
and conditions may be controlled for optimal bacterial degradation of PCP or other
contaminants.
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APPENDIX A
QUARTERLY NUTRIENT ANALYSIS DATA
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Nutrient Analysis Data by Quarters 2009-2010
Table A.1

TOC, TKN, TOP, Cl, and Ortho-P concentrations as measured by EPA
Standard methods

TKN
Well 3/24/2009 6/4/2009 9/16/2009 12/3/2009 3/17/2010 6/16/2010 9/29/2010
8AI
0.84
0.8
<0.10
<0.10
<0.10
3.4
2.3
15BO
1.9
0.56
0.4
<0.10
0.17
84
0.15
17BO
0.82
0.48
0.12
1.3
1.1
<0.10
0.23
7BI
0.42
0.66
0.22
0.13
38
1.1
32
9BI
0.54
2.9
1.5
1.8
2.7
2.5
<0.01
19AO
0.25
0.46
<0.10
<0.10
<0.10
1.1
0.21
8BI
0.28
0.24
0.1
<0.10
<0.10
0.29
0.14
6BI
1.8
0.27
0.15
0.6
1.7
100
17

Ortho-P
Well 3/24/2009 6/4/2009 9/16/2009 12/3/2009 3/17/2010 6/16/2010 9/29/2010
8AI
0.07
0.05
0.02
0.06
0.04
1.53
0.08
15BO
0.03
0.36
0.03
<0.02
0.01
12.25
0.19
17BO
0.03
0.18
0.03
0.03
<0.02
<0.02
0.05
7BI
<0.02
0.02
0.05
0.04
0.02
<0.02
2.51
9BI
0.07
0.07
0.02
<0.02
0.01
<0.02
0.07
19AO
0.04
0.015
0.05
<0.02
0.04
0.16
<0.02
8BI
0.02
0.1
0.08
<0.02
0.01
0.01
0.13
6BI
<0.02
0.06
0.06
0.07
<0.02
15.1
0.14

TOP
Well 3/24/2009 6/4/2009 9/16/2009 12/3/2009 3/17/2010 6/16/2010 9/29/2010
8AI
6.8
0.56
0.53
0.58
0.38
7.22
0.21
15BO
5
0.8
4.37
1.11
0.22
13.44
0.14
17BO
2.9
0.2
<0.02
0.36
<0.02
0.14
0.25
7BI
4
0.36
0.16
0.13
3.85
9.29
7.85
9BI
1.8
0.36
0.06
0.52
0.64
0.11
0.44
19AO
4.4
0.16
0.23
0.01
0.42
0.54
0.24
8BI
19.5
0.16
1.67
1.15
0.37
3.66
0.67
6BI
33
0.88
0.34
1
2.31
13.38
0.42
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Table A.1 (continued)
TOC
Well 3/24/2009 6/4/2009 9/16/2009 12/3/2009 3/17/2010 6/16/2010 9/29/2010
8AI
12.4
14.8
12.8
2.7
4.9
4.8
2
15BO
47.5
93.8
40
23.1
9.8
16.7
16.8
17BO
16
18.1
17
2.2
1.3
1.7
3.4
7BI
33
40.02
15.5
4.7
5
2.6
20.3
9BI
7.2
12
8.4
2
1.3
1.2
1.7
19AO
21
18.9
23.3
8.9
3.1
5.3
3.3
8BI
42.4
45.9
35.4
15.4
14.9
23.6
32.2
6BI
74.8
119.5
50.5
30
11.2
36.8
6.4

Cl ion
Well 3/24/2009 6/4/2009 9/16/2009 12/3/2009 3/17/2010 6/16/2010 9/29/2010
8AI
0.75
0.25
0.5
0.25
0.75
1.25
1.25
15BO
2
1.5
1.25
0.25
1.25
1.75
1.25
17BO
0.25
0.75
0.75
0.75
0.5
0.5
0.75
7BI
0.5
1.75
0.75
0.75
0.75
0.25
0.05
9BI
0.75
0.75
0.25
1.25
0.5
0.25
0.25
19AO
0.5
0.5
0.75
0.5
0.5
0.75
1.75
8BI
1.75
0.25
1
0.25
1.5
0.5
1
6BI
1.25
0.75
1.5
0.5
1.25
2.25
0.75
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